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Microscopic diffusive permeability coefficient, pd:
molar flow (Jn) of gas transport across a compartment (e.g.
lipid membrane, protein channels) normalized by the cross-
sectional area (A) of that compartment and the gas (e.g. CO2,
O2) concentration (Cb).

=
𝑛#

𝐶% 𝐴 (𝑁)∆𝑡)
np: number of gas 
molecules crossing 
a region at ∆t 

Cb: [gas] in solution

A: horizontal area of protein lumen or 
membrane patch

𝒑𝒅 =
𝐽0

𝐶% 𝐴

pd∝K (partitioning coefficient or 
solubility constant of a gas species)

∝D (diffusion coefficient of the gas)
K= e(-ΔG/RT) (ΔG : the partitioning free energy  of the gas)

Molecular dynamics (MD) simulation provides:
Time-averaged information of structure and dynamics
of proteins and lipids at atomic resolution
Thermodynamics and kinetics associated with the
transport of molecules

Gas permeability through membrane channels: CO2
diffusion through aquaporins (AQPs)

Membrane lipid composition on gas permeability
CO2 diffusion through various lipid membranes 
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 pd =
10.55±2.02 cm/s

 pd =
4.96±1.11cm/s

 pd =
2.47 ± 0.94cm/s
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AQP1, AQP5, AQP7 homotetramers

Flooding simulations of 125 CO2 molecules in the AQPs 
embedded in POPC membrane lipids

Monomeric pore (wp)
Water channel
(AQP1 & AQP5)

Water+glycerol
(AQP7)
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Central pore (cp) @ 
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Calculated pd values of CO2 through the entire membrane 
patch, protein domain and individual pores (wp & cp) 

MD simulation preparations

Diffusion rates of CO2 in lipids versus AQP channels
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Protein total area (Ap)

AQP1 and AQP5 function as
water channels.

AQP7 permeates water and
glycerol molecules.

Calculated from CHARMM-GUI

AQPs are ones of the most
abundant membrane channels
in living organisms.

AQP1
AQP5
AQP7

Dr. Ardi Vahedi-Faridi & Prof.
Andreas Engel for the
crystal structure of AQP7

Prof. Noah Malmstadt and
his group for discussions
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Lipids + Protein

Protein (np through a 25-Å radius 
cylinder, no overlap with lipids)

Protein channels
(water and central pores)

AQP1 AQP5 AQP7
AQP1 AQP5 AQP7

central 
pore

each 
water 
pore

Top 
view

Side 
view

Protein

pathway

Starting Equilibrium

Highly occupied sites of CO2

Solid green ~20 times > aqueous phase

Simulation times: 750-1,000 ns long

Extend to which membrane channels 
contribute to gas transport

Initial bulk [CO2] (Cb) ~400 mM –> Final ~100 mM

CO2 can diffuse through lipid phase, central pore,
water pores, monomeric and protein-lipid interfaces.

Lipid/Protein ratio based on area ~ 2 to 1
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11.15±1.21

5.62±0.81

2.76±0.46

0.62±0.51
0.3±0.23

10.55±2.02

4.96±1.11

2.47±0.94

AQP1

AQP 
+ 

POPC 
lipids

POPC:PSM:CHL
Total
time 
(ns)

<Amem>
(Å2)

<Cbulk> 
(M)

100:0:0 225 9,500 0.133
50:0:50 225 8,000 0.176
35:0:65 225 9,000 0.169
0:100:0 500 9,225 0.189
0:50:50 325 8,350 0.229
50:50:0 325 9,460 0.122
33:33:33 325 8,160 0.177
25:25:50 325 8,200 0.188

Equilibrated systems

CHARMM36 FF and NAMD2 for simulations at 310 K and 1 atm

Apical membrane of gastric parietal chief cells 

Fiber-cell plasma membrane of eye lenses

Cellular membranes: resistant to O2 and CO2

S.J. Waisbren,…,W.F. Boron. Nature 1994

J. Widonska,…,W.K. Subczynski. BBA 2007

Abundance of protein channels, such as aquaporins and 
Rh glycoproteins, in erythrocyte membranes

- Inhibitor DIDS reduced CO2 permeability by >10 folds.

- Aquaporin-1 (AQP1) increased water and CO2 permeability 
which were abolished by HgCl2 or pCMBS (Hg derivative).

R.E Forster,…,M. Wunder. PNAS 1998  

G.V. Ramesh Prasad,…,M.L. Zeidel. JBC 1998 
V. Endeward,…, G. Gros. FASEB 2006

- Knockout RhAG resulted in a 2-fold decrease in permeability
V. Endeward,…, G. Gros. FASEB 2008

Chemically synthetic membranes: triblock copolymer  
- Insertion of aquaporins increased CO2 influx by 10-20 folds.

- Adding cholesterol reduced CO2 fluxes. 
N. Uehlein,…,R. Kaldenholf. Sci. Reports 2012

L. Kai and R. Kaldenholf. Sci. Reports 2014

POPC membrane-embedded AQP 
complexes for: AQP1 from PDB
1J4N, AQP5 from PDB 3GD8, and  
AQP7 (unpublished structure)

CHARMM-GUI to prepare 
membrane lipid patches of 
POPC, CHL and PSM (initial 
xy dimension of 100×100Å2)

Equilibrated for 25 to 100 ns before flooding simulations of CO2

Biological functions of gases

The roles of AQPs become obvious
when reconstituted in membranes
with 100% PSM or 50:50 PSM:CHL,
where pd,prot ≥ pd,mem.

pd,prot = 4×pd,wp + pd,cp

pd,mem >> pd,AQP7 (~1.7 cm/s)
> pd,AQP5 (~0.33 cm/s), pd,AQP1
(~0.25 cm/s)

pd,mem with AQP embedded ~ pd,POPC
>> pd,AQP7,AQP5,,AQP1

pd through the channels

pd through the membrane 
patch  (pd,mem) ~12 cm/s

6-Å 
radius

10-Å 
radius

CO2 diffuses more freely in 100% POPC
and 50:50 POPC:PSM membranes.

More cholesterol, more sphingomyelin
à Lower permeability-AQPs have negligible effects.

O2 à Bioenergetics 

NO à Cell signaling
CO2

à acid-based homeostasis
à Biomass in plants

- 13 species in human
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100% POPC

50:0:50 
POPC:PSM:CHL

35:0:65 
POPC:CHL

 pd =
11.15±1.21 cm/s

 pd =
5.61±0.81cm/s

 pd =
2.76±0.46cm/s

100% PSM

0:50:50 
POPC:PSM:CHL
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0.3 ± 0.23 cm/s

 pd =
0.62 ± 0.51 cm/s


